Introduction
In recent years immunocytochemical techniques have allowed the identification and localization of many different neurotransmitter candidates to specific neurons within neural tissue. Typically, entire populations of cell types stain. However, when neurons with overlapping fields are immunocytochemically labeled it is quite difficult to determine the exact size and morphology of the dendritic tree of individual neurons in the network. In the retina, in particular, where several different neural types may stain with an antiserum to a neurotransmitter, it would be advantageous to be able to sort out exactly which cell types are immunostaining, both for purposes of classification and for an understanding of functional neurocircuitry.
Intracellular staining of individual neurons in the retina has mostly been done after electrophysiological recording of light responses (2.18) or after retrograde labeling of ganglion cells by injections of tracers in visual projection areas (1, 6, 10, 19) . A few indirect approaches for iontophoretic staining of neurons that are presumed to be the same ones that stain with immunocytochemistry have also been attempted (8, 15, 16, 25) . For example, a combi-
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followed by intracellular labeling was achieved with light furation (15 min in 4% paraformaldehyde) and long incubation time in the primary antiserum (4 days). Before intracellular labeling, dendritic tree shape, dendritic field size, and stratiflation of SP-IR ganglion cells were not sufliciently revealed for correct dassification of these cells. After the selective intracellular staining described here, we were able to idennfy and characterize one of the populations of substance P-IR ganglion cells types as large-field, monostratified G20 ganglion cells. (J Hisrochem Cytochem 41:635-641, 1993) KEY WORDS: Retina; Immunocytochemistry; Substance P; Lucifer yellow; Neurobiotin. nation of intracellular staining followed by immunocytochemical staining has been somewhat successful in salamander and dogfish retinas (3,30). However, cross-linking between the antigen and injected dye may provide erratic results (3, 27) . A direct method for intracellular staining of a neuron pre-labeled with immunostain seems to be a more desirable approach but until now has not met with any success.
This report describes a technique for direct and selective intracellular labeling of immunocytochemically characterized substance P-immunoreactive (SP-IR) ganglion cells in the turtle retina. The methodology provides a useful approach for the analysis of cells whose dendritic arborization patterns are not well defined by standard immunocytochemical methods, especially in whole mounts (7, 254 . The technique may also be a useful alternative to pre-labeling with fluorescent dyes such as DAPI or Fast Blue (5, 15, 16, 25) , or to the uptake of dopamine and 5,7-dihydroxytriptamine (8) for dopaminergic cells. Furthermore, the described procedure will be amenable to postembedding immunocytochemical or autoradiographic studies at the electron microscope level and ultimately should reveal the synaptic relationships of labeled neurons (17).
Materials and Methods
Tissue Preparation and Fixation. Fourteen adult Pseudemys scrz)ta ekgans turtles were used in this study. Sewn ofthe animals were dark adapted for at least 2 hr, whereas the rest of the turtles were light adapted. After a lethal overdose of sodium pentobarbital the eyes were removed and
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hemisected under dim room light. The vitreous humor was removed surgically and the retina (with the pigment epithelium still attached in the case of light-adapted turtles) was separated from the choroid and the eyecup and placed flat, ganglion cell side up, on a piece of 0.45-wm Millipore filter. Three to five peripheral incisions facilitated retinal flattening. The retinas were then divided into two parts and transferred to the fixative.
Fixation was done at room temperature using one of the following: (a) 4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.4); (b) 4% paraformaldehyde plus 0.1-0.496 glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.4); (c) 2% paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.4); (d) 2% paraformaldehyde plus 0.1-0.4% glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.4). The time in each of the fixatives varied from 120, 60, 30, 20, IS, 10, and 5 min. Washing followed for 1 hr in 0.1 M sodium phosphate buffer, pH 7.4 (rinse buffer).
Penetration Enhancement. Retinas were cryoprotected as follows: 30 min in rinse buffer with 10% sucrose; 1 hr in rinse buffer with 20% sucrose; and overnight in rinse buffer with 30% sucrose. All the preceding steps were carried out at 4°C. The next day the retinas were put through a freeze-thaw procedure (7,9) by dipping in liquid nitrogen-cooled isopentane for a few seconds. After thawing in rinse buffer with 30% sucrose, some of the retinas were placed in a solution of HzOz (1%) for 5-6 min, NaI04 (2.28%) for 2 min, and NaB& (0.02%) for 2 min to reduce background staining (7).
Other retinas were processed during the subsequent steps with Triton X-100 (see below).
Immunocytochemical Processing. After several washes in rinse buffer the retinas were pre-treated with 10% normal rabbit serum in 0.1 M PBS, pH 7.4, for 1 hr at room temperature to minimize nonspecific staining. The incubation in the primary antiserum, rat anti-substance P (Accurate Chemical; Westbury, NY) 1:250 in PBS for 24-96 hr, took place at 4°C.
After the primary antiserum, the retinas were washed three times for 10 min in rinse buffer and incubated for 4-24 hr at 4'C with a rabbit-derived fluorescein isothiocyanate (FITC)-conjugated anti-rat IgG (Sigma; St Louis, MO) diluted 1:50 in PBS. All the preceding steps were carried out with agitation on a shaker table. In some experiments we used Triton X-100 at concentration of 0.05 and 0.1%. Some retinas were processed by conventional HRP histochemistry for SP-IR cells (7). Briefly, after incubation in the primary antiserum and further washes (as detailed above), the retinas were transferred to biotinylated rabbit anti-rat IgG (Vector; Burlingame, CA) diluted 1:lOO in PBS, with 0.5% Triton X-100, for 2 days at 4'C. Further washes in rinse buffer occurred before transfer to a solution of ABC (avidin-biotin complex) in 0.1 M PBS with 0.5% Triton X-100 for 2 days. Finally, the retinas were washed and pre-incubated under agitation in the dark in 3,3'-diaminobenzidine tetrahydrochloride (DAB) (10 mg/20 ml in 0.1 M PBS, pH 7.4) for 15 min and further incubated with fresh DAB solution with 0.01% Hz02. The progress of staining was controlled by viewing in a light microscope. The DAB reaction was stopped by three 10-min washes in rinse buffer.
Controls were processed by either omitting or replacing the primary antibody with normal rat serum. Intracellular Injection. After several washes in rinse buffer, the retinas were placed on moist black filter paper ganglion cell side up. They were then transferred to the superfusion chamber located on the stage of an epifluorescence microscope (Leitz fixed stage Laborlux) equipped with standard filter combinations for Lucifer yellow (LY) and FIX epifluorescence. A x40 water-immersion, long working distance objective (Zeiss) was used during dye injection.
Micropipettes were pulled from glass capillary tubing (A-M Systems; Toledo, Ohio) on a Kopf vertical puller, and were designed to have a short taper (about 10 mm) to avoid bending of the tip in the tissue. The resistance of the best electrodes was less than 200 M a . The microelectrode filling solution was a mixture of Neurobiotin (4%) (Vector) and LY (2-4%) (Eugene Tech; Ramsey, NJ) in deionized water. The fill solution was prepared in small amounts just before the experiment.
Both LY fluorescence in the microelectrode and the FITC fluorescence of SP-IR-labeled cell bodies were observed with the same filter combination. Successful penetration of the cell was visualized by iontophoresis of LY (0.1-1.0 nA, negative current for 3-10 sec) and then we switched to injecting Neurobiotin by passing positive current (100-msec pulses, duty cycle 90%) of 1-2 nA for 3-10 min.
After a number of cells had been injected (usually 8-10 per retina), the retinas were removed from the superfusion chamber, washed in rinse buffer for 30 min and post-fixed in 4% freshly prepared paraformaldehyde for 1 hr at room temperature. The tissue was then rinsed in 0.1 M PBS (three times for 10 min), removed from the filter paper, and incubated in 1:200 peroxidase-conjugated streptavidin Uackson Labs; Avondale, PA) containing 0.5% Triton X-100 (in 0.1 M PBS) on a shaker table for 12-24 hr at 4°C. The tissue was then rinsed in 0.1 M PBS (three times for 10 min) and standard HRP histochemistry using DAB as the substrate for the HRP reaction was performed (see above).
Histological Procedures. The final step in the preparation of injected cells in whole-mount retinas was a brief osmication (20-30 sec) in 0.05% o s 0 4 in 0.1 M PBS before washing and mounting on a microscope slide, ganglion cell side up, in buffered glycerol. Some retinas were dehydrated and embedded in Epon between plastic coverslips, using standard electron microscopic procedures (1). Retinas were first viewed in whole mount and then radially-sectioned on a rotary microtome to evaluate stratification of stained cell's dendrites in the inner plexiform layer. Well-stained cells could be photographed and drawn by camera lucida or by the Eutectics Neuron Tracing System (Eutectics Electronics; Raleigh, NC).
Results
Fixation
Glutaraldehyde is known to give the best ultrastructural preservation of tissue, yet even brief glutaraldehyde fixation (0.1%) dramatically reduced the SP-IR. Therefore, we used glutaraldehyde only in the very early experiments. Tissue fixed in 2% paraformaldehyde was in general less well preserved than tissue fixed in 4% paraformaldehyde. With 2% paraformaldehyde, intracellular injection of LY plus Neurobiotin was satisfactory, but it was difficult to detach the retinas from the filter paper. Usually the retinas became broken up into several pieces during subsequent histological procedures.
The best fixation to achieve penetration of the antibodies, good labeling of the ganglion cell bodies, and subsequent successful intracellular injection proved to be 4% paraformaldehyde in 0.1 M PBS for 15 min. Longer fixation times appear to inhibit the spread of the iontophoresed stain, with resultant poor filling of dendrites. Less than 15 min of fixation gave similar results as the use of 2% paraformaldehyde (see above).
Penetration Enhancement
The penetration of the immunological reagents was increased by using either Triton X-100 or a freeze-thaw procedure before the incubation in the primary antiserum. However, the use of these procedures inevitably resulted in leaky cells and unsuccessful injections. Therefore, we decided to abandon Triton X-100 and freeze-thaw and instead used longer incubation times in the primary antiserum. The best results were achieved with 4 days in the primary antiserum and 24 hr in the FITC-conjugated secondary antiserum.
Substance P-immunoreactive Ganglion Cells
After regular PAP or ABClHRP immunocytochemical methods (ICC), we have confirmed the previous finding (7) that SP-IR ganglion cells in the turtle retina are visible only as well-stained cell bodies ( Figure 1A ). Occasionally some length of the primary dendrite was also revealed but in general this did not occur. With fluorescence ICC ( Figure 1B ) the pattern of labeling was virtually identical to that achieved with the HRP histochemical technique; again, only cell bodies stained. SP-IR cells in the ganglion cell layer fell into two size ranges: those with large cell bodies (20-22 vm diameter) and those with small cell bodies (13-16 pm diameter) ( Figure 1A ).
Cell Impalement and Dye Filling
We found no differences between dark-and light-adapted retinas for successful intracellular staining. However. it was easier to inject the retinas that were light adapted (when the pigment epithelium was still attached), because the black background of the pigment epithelium allowed better visualization of the FITC fluorescence of the SP-IR cells.
Electrode impalement of the SP-IR ganglion cells was readily accomplished because somata and electrode were visible simultaneously under the appropriate filter combinations. Figure 2A shows the tip of the micropipette, filled with a mixture of 4% Neurobiotin and 2% LY, advancing into an SP-IR ganglion cell. Figure 2B shows the same cell starting to fill with LY. After LY was visible in the dendrites (approximately 5-10 sec) (Figure 2B ), the cells were injected with Neurobiotin for 3-10 min (depending on the cell size). Shorter injection times (less than 3 min) usually resulted in incomplete dendritic tree filling. Longer injection times (more than 
MorphoLogic Emmination
The Neurobiotin-filled SP-IR ganglion cells were viewed in Eponembedded whole mounts ( Figure 2C ) and were drawn by the Eutectics Neuron Tracing System ( Figure 3A) . We got successful impalements and very good staining of nine SP-IR ganglion cells. Naturally, we had many (dozens) that were not very good and showed little more than a cell body and a suggestion of dendritic staining. The best examples of the larger-sized SP-IR ganglion cells could be identified as a ganglion cell type called G20 in previous studies (12J3). These ganglion cells are characterized by a large cell body (24-pm diameter) and a 400-pm diameter dendritic field of thick, inwardly curving dendrites, all branching on a single plane in the distal inner plexiform layer (IPL). The Eutectics system computerrotated drawing allows visualization of the stratification level of the dendrites. As can be seen, such G20 cells are monostratified in Stratum 2 of the IPL ( Figure 3B ). Another example of an LYinjected G20 is shown in Figure 4A . After Neurobiotin injection and HRP histochemistry the electron-dense G20 cell could be examined in vertical sections ( Figure 4B ). The stratification of the dendrites in Stratum 2 of the IPL is clearly revealed ( Figure 4B ).
Impalement and dye injection of the smaller-sized SP-IR ganglion cells have not yet been successful enough for us to establish which morphological types they are. This will have to await future experiments. of ganglion cells under visual control in turtle retina. The pattern of the immunolabeling alone was identical to that achieved previously ( 7 ) , but the selective intracellular staining of these SP-IR cells bodies with Neurobiotin revealed their morphology and suggested that they were G20 cells by comparison with a previous Golgi classification (12J3).
The most successful immunocytochemical labeling, followed by good impalement and iontophoresis of LY and Neurobiotin, was achieved after use of light fixation (IS min in 4% paraformaldehyde) and long incubation time in the primary antiserum (4 days). After we finally discovered the ideal method we could label many cells in a single retina in a good experiment. Of course it is by no means easy, because all the steps of the procedure have to go well. The light fixation is perhaps the most important aspect of the technique. Apparently light fixation cross-links neuronal proteins but does not destroy the phospholipid bilayer. Strong fixation makes the cells less able to transport the intracellularly injected dye to the finest dendrites (25). Less than 15 min of fixation, or no fixation, gives better intracellular injections, but the retinas are then very weak, badly preserved, and do not survive subsequent histological procedures.
It is possible to use other intracellular dyes for the visualization and study of neuronal cell morphology, but the most recent comparisons of intracellular markers (11, 23, 26) have shown that Neurobiotin may be one of the best. Tauchi and Masland (24) and Voigt and Wassle (28) have both used intracellular injection of LY in formaldehyde-fixed tissue to determine the morphology of amacrine cells identified by catecholamine histofluorescence. This method, however, does not provide good resolution of the thinner dendritic processes of the cells (26). In addition, LY-stained cells have a problem with fading. Methods involving the conversion of injected LY to an electron-dense reaction product (14,21), or the use of a stable antiserum to LY (4,22), have all been devised to circumvent this problem. Advantages of the biotinylated tracers over the other intracellular markers (i.e., HRP and LY) are their small size and their high affinity for avidin. The small size of the Neurobiotin molecule permits rapid diffusion within the cell, resulting in the staining of small processes (26). Neurobiotin has added advantages over Biocytin, its close rival, in that it can be selectively electrophoresed with positive current and can be dissolved at higher concentrations (23).
Although in the present study we describe only this methodology for SP-IR turtle ganglion cells, we have tested other antibodies, such as corticotropin-releasing factor (CRF), GABA, and C-JUN, with similar quality of intracellular staining. The technique is relatively simple and allows a stable visualization of the stained cells. It proves to be robust and compatible with other labels used in immunohistochemical procedures (20.2 3) . The method allows unambiguous identification and morphological characterization of any neuron whose cell body is specifically labeled with a fluoresceinconjugated antibody to a neuroactive marker. It could probably be applied to other nervous system structures and brain slices. In conclusion, we suggest that the technique described here may be a particularly good way to identlfy a neuron in terms of neurochemical content, overall morphology and, ultimately, by characteristics of synaptic neurocircuitry.
